Two identical liquid water content (LWC) King probes-one total water content/liquid water content (TWC/LWC) Nevzorov probe and two constant-temperature T probes that are different in size to distinguish particles of different densities and diameters (section 2c)-were flown during the Alliance Icing Research Study (AIRS) II field campaign in the fall of 2003. This paper assesses measurements performed during several flights in mostly stratiform clouds. The two LWC King probes tracked well; however, discrepancies of up to 0.1 g m 23 for 1-s LWC measurements of 0.3 g m 23 were observed. Agreement between probes of different geometry and size was generally favorable, while levels of disagreement between the probes changed during numerous cloud penetrations from less than 20% up to a factor of 2, varying with flight conditions and microphysical structure of the cloud. Disagreement between probes was even larger when detecting ice water content (IWC). Measurement differences were attributed to different collection efficiencies resulting from preferred particle size, shape, and density and local aerodynamic effects around the aircraft. Measurements from a single probe are subject to uncertainty at a single point in time beyond the noise and drift level of the instrument. This uncertainty is evaluated considering particle habit, diameter, and density, and probe geometry and size, in addition to particle impact, breakup/splash, and bounce. From a working point of view, the intercomparison of several probes is subject to real but unknown spatial differences because of different locations between air samples. Comparison of identical probes is not appropriate because each measurement in itself is unique by definition. Thus, instead of duplication of instruments, subject to these levels of agreement, the use of a single probe is a practical approach while remaining aware of its limitations and capabilities.
Introduction
Mixed-phase conditions are relevant to cloud evolution, precipitation, radiation, and aircraft performance. A complete spatial characterization of the microphysical conditions leading to aircraft icing is necessary, along with a wider knowledge regarding the dataset extremes and the conditions under which they occur. Knowledge of the spatial distribution of liquid-only, ice-only, and mixed-phase regions is desirable in order to study both specific properties of the cloud and the design of instruments capable of detecting higher liquid water content (LWC) and the extremes of LWC.
Aircraft-mounted probes of different shapes and sizes, such as the King, T (see section 2c), and Nevzorov probes, are commonly used to characterize the cloud microphysical conditions leading to aircraft icing. Aircraftmounted probes, limited by instrumental resolution, revealed narrow mixed-phase regions on the order of a few hundred meters and less (Vidaurre and Hallett 2009a) . These probes have been individually tested and calibrated in the laboratory, and as part of a normal procedure they are referenced to clear-air conditions in each flight. However, the limitations and capabilities of each probe, because of their unique geometry and response to microphysical conditions, may be overlooked, compromising measurements and conclusions. When making a physical measurement in the laboratory, under as identical physical conditions as possible, it is adequate to use a standard theory of error analysis to determine the uncertainty. This is an approach that is valid under controlled conditions (e.g., in a wind tunnel study), with application to instruments for aircraft measurement. On the other hand, an aircraft measurement in flight, as any measurement in the atmosphere, is itself unique. In this case, statistical evaluation provides application to a geophysical environment as the likelihood of meeting a given condition. Specific situations for test purposes provide useful comparisons, but not in the sense of a controlled experiment.
In addition, instruments mounted at different locations on an aircraft behave differently overall, apart from being located in known different environments. The aircraft also has a changing orientation (yaw and pitch) that can influence measurements; also, instruments on one or the other wingtip can be flown with one in and one out of a well-defined aircraft contrail. Assuming that flight is in a uniform environment is an erroneous course to steer. Analysis of data gathered with probes located at different places around the aircraft fuselage might provide useful insights about the microphysical structure of the cloud only if local aerodynamic effects and particle collection efficiency based on probe geometry and particle size, shape, and density are considered.
The Alliance Icing Research Study (AIRS) II (Bailey and Hallett 2009; Hudson 2007; Lasher-Trapp et al. 2008 ) was a project conducted in association with the Aircraft Icing Research Alliance (AIRA), which consists of organizations within North America interested in aircraft icing. The AIRS II campaign, building on the results of AIRS I, had the following objectives: (i) to develop techniques/systems to remotely sense hazardous winter conditions at airports, (ii) to improve weather forecasts of aircraft icing conditions, (iii) to collect data for flight validation methodologies, and (iv) to better characterize the aircraft-icing environment. Liquid water content measurements from two standard King probes mounted on identical locations on each side of the National Center for Atmospheric Research (NCAR) C-130 aircraft during the project are analyzed in order to study the effect of probe geometry and location. Simultaneous LWC measurements from these two probes and from the Nevzorov and small and large T probe measurements are evaluated. For completeness, ice water content (IWC) measurements from the latter three probes are also considered to study probe collection efficiency dependency on particle density. The bulk of the data was collected in stratiform clouds, in some cases associated with frontal systems and lake-effect convection.
Liquid water content and total/liquid water content probes
During the AIRS II project two LWC King probes were mounted on the NCAR C-130, one under each wing 3.2 m from the wingtip (Fig. 1) . The two LWC King probes have flown in that location in several research projects. The wing span is 40.4 m, and the probes were separated by 34 m. The small total water content (TWC)/ LWC T probe was mounted near the right wingtip; meanwhile the large TWC/LWC T probe was mounted on the fuselage about 14 m apart from one of the King probes, which is more convenient for the ½-kW power required (Fig. 1) . The TWC/LWC Nevzorov probe was also mounted on the fuselage, about 1 m apart from the large T probe. Both probes were located about 0.5 m above the aircraft skin inside the region where particle sorting occurs (,0.61 m; see Twohy and Rogers 1993) .
a. Liquid water content King probe
The LWC King probe (King et al. 1978) consists of a cylindrical sensor of 2-mm diameter that is orthogonal to the airflow. It requires at most a dry calibration; it has a sensitivity of 0.02 g m 23 , has a response time (the time required for a signal to go from 10% to 90% of a step change) of the order of 0.05 s, and has a precision of about 5% at 1 g m
23
. King probe measurements may also be influenced by particle shattering on the surface of the housing parts ahead of the sensor and by direct impact. The significance of this breakup effect is still to be determined. The relative impact kinetic energy to surface energy ratio (E K /E s ), given by a modified Weber number L, characterizes the breakup process (Hallett and Christensen 1984; Vidaurre and Hallett 2009b) . For convenience, E s is defined as the surface energy of a spherical particle; thus, L is given by
where D is the particle diameter, r the density, s the water surface energy, and U the impact velocity. It measures the amount of deformation of the particle and the maximum possible surface area increase at impact. Drops splash when impacting on rough surfaces for L . 7 and smooth surfaces for L . 20 (s w 5 0.073 J m 22 at 208C), with more energy being required for splashing to occur on smooth surfaces than rough surfaces.
1 The process of ice breakup (s i 5 0.120 J m 22 at 208C) is more complex and the value of L applicable to ice breakup depends on the physical detail of the impaction. Figure 2 (top left) shows the kinetic-to-surface energy ratio L for spherical droplets impacting a 2-mm-diameter cylinder (solid), such as the King probe sensor and a 2-cm-diameter cylinder (dashed) similar in size to the housing of the King probe located upstream of the sensor. On approach, particles decelerate from an original speed relative to the cylinder of 130 m s 21 to a lower impact velocity (estimated from trajectory calculations); they may also never impact at all. Here, L 5 7 provides the water droplet breakup criterion. Particles of a diameter smaller than 50 mm impacting with L . 7 are subject to splash, while larger particles impacting with L 7 are subject to severe splash (many small particles generated). For comparison, Fig. 2 also shows the kinetic-to-surface energy ratio L for spherical ice particles of different densities (920, 460, and 230 kg m 23 ). The occurrence of breakup and its severity depends on particle size and density, making larger particles and/or denser ones more susceptible to breakup. The distribution of the kinetic energy during impact is still to be determined, along with the influence of the generated particles on the King probe measurements resulting from either particle loss (by bounce) or the capture of droplets generated on impact upstream of the sensor.
b. Nevzorov probe
The Nevzorov LWC/ TWC probe (Isaac et al. 2006; Korolev and Strapp 2002; Korolev et al. 1998 ) consists of two different sensors for measurement of TWC and LWC, the difference of which yields IWC. The LWC sensor has a half-cylinder shape with 1.5-mm diameter. The TWC sensor is an 8-mm-diameter concave cone, which faces the flow and works as a trap for impacting cloud particles. The Nevzorov probe swivels to align with airflow. Its alignment capability may be a source of error due to an adjusting lag between the probe alignment and continuous changes in the aircraft attack angle. The alignment time could be estimated from the probe response during porpoise maneuvers involving rapid changes in the angle of attack.
c. T probe
The T probe assembly consists of three separate sensors arranged as a T (Fig. 3a) : a cylindrical sensor axis transverse to the airflow, which collects most of the impacting water (Fig. 3b) ; a cylinder with a V-shaped cut along its axis, also transverse to the airflow, which collects most of the impacting water and ice particles (Fig. 3c) ; and a backward-facing cylindrical reference sensor, identical in shape to the first sensor, which ideally collects neither ice nor water and is subject only to heat transfer to the airflow (Hallett et al. 2005; Vidaurre and Hallett 2009a) . The T probe operates by measuring the electrical power required to maintain near-constant temperature during accretion and evaporation of water and/or ice, together with cooling resulting from ambient flow of air at differing pressures, temperatures, and hence densities. Thus, the sensors have a function similar to the hot-wire probe for measurement of liquid water (King et al. 1978) , the ice sensor (Hallett 1980; King and Turvey 1986) , and the Nevzorov probe (Korolev et al. 1998) . Figure 3 shows both small and large T probes. The small T probe of a projected area of 4 mm 3 40 mm collects small particles and low-density particles that might not be collected by the large T probe of a projected area of 10 mm 3 70 mm. The instruments are designed to be sufficiently robust to survive aircraft icing conditions and particle impact at flight speed through clouds and precipitation. The small T probe has flown mounted on the NCAR C-130 and Convair 580 at speeds of about 150 m s 21 without any problem. The shape of the total
FIG. 2. (top left)
Kinetic-to-surface energy ratio for spherical droplets and spherical ice particles of different density impacting a 2-mm-diameter cylinder (solid), such as the King probe sensor, and a 2-cm-diameter cylinder (dashed) similar in size to the housing of the King probe, located upstream of the sensor.
sensor improves collection by recapturing ejected particles and fragments produced during direct impact with the sensor, as observed during wind tunnel experiments at low airspeed (40 m s 21 ; see Vidaurre and Hallett 2009b) . A fraction of these particles bounced off along the axis of the sensor to eventually impact the sensor surface again; meanwhile, other fragments bounced off in an orientation across the sensor into the airstream. These experiments suggested that the large surface area of the T probe total water sensor reduces the losses resulting from bouncing. Additionally, the T probes allow the adjustment of the operational temperature of the probe; increasing it enhances evaporation by reducing the fraction of particles that bounce off. Quantitative experiments are still necessary for an adequate evaluation of the effect on measurements conducted with the T probe and other probes, such as the Nevzorov probe.
Water content is inferred from the differential power between the water sensor and the reference sensor. A second-order correction may be applied for ice collected on the water probe at the forward-edge stagnation line. An estimate of any false indication by ice at the stagnation line of the water sensor is obtained by calibration during flight in a known all-ice cloud (T , 2408C) to be below 0.02 g m 23 , and in some cases as low as 0.005 g m 23 , as shown in Fig. 4 . This uncertainty is equivalent to a pseudoadiabatic rise of 10 mb. Ice content is computed from the total sensor power that is differenced by water sensor power. Raw power measurements are corrected for airspeed, temperature, and density, and then are related through the latent heat of evaporation to the mass accretion rate of each sensor, and ultimately lead to integrated particle mass through the penetrated volume. The thermal response time of the two T probes is of the order of 0.1 and 1 s, corresponding to a flight path of some 10 and 100 m for an aircraft speed of 100 m s
21
. The sensor temperature is adjustable in software for likely values of ice water content and penetration velocity over the range from 1008 to currently 1658C for prompt evaporation prior to bounce-off of TWC to a maximum of 1 g m 23 , without affecting heat transfer or melting the solder.
Power requirements in clear air are not the same for the liquid water, total water, and reference sensors of the T probe because of differences in shape and location. Subtracting the difference between the power required by each sensor in clear air adjusts the instrument's ''zero value.'' Because the total sensor does not have a simple shape, there is no background of empirical data describing the factors affecting the heat transfer. However, the power demanded by each sensor of the T probe can be estimated from measurements of temperature, pressure, airspeed, and aircraft attack angle. The selection of these variables is the result of a correlation analysis performed on part of the AIRS II data. This approach differs from the calibration method of the King probe suggested in King and Turvey (1986) and King et al. (1978) . The difference between the total and water sensors and between the water and reference sensors during clear-air events is fitted by an empirical second-degree multipolynomial relationship as follows:
where b is the coefficient vector, x the exponent matrix, y the true airspeed, p the pressure, T e the ambient temperature, and a the aircraft attack angle. Figure 5 shows required power by LWC and IWC and their estimates during clear air.
STATISTICAL ANALYSIS OF THE NOISE AND DRIFT ASSOCIATED WITH T PROBE MEASUREMENTS
Quantifying the uncertainty of the T probes is a complex problem to be answered empirically. There are FIG. 3 . T probes showing (a) assembly of large and small T probes; (b) 1-cm-diameter by 7-cm-long large T probe sensor, with an axis transverse to the airflow to collect most of the impacting water; and (c) large T probe reentrant cylinder also transverse to the airflow, with a 1 cm 3 7 cm projected area, to collect most of the impacting water and ice. (b) and (c) A backward-facing cylindrical reference sensor, also shown, is similar to the one used to collect impacting water, collecting little ice or water and being subject only to the airflow and conditions of the ambient air.
several sources of uncertainty in the calibration and algorithm technique used, which will affect the final output.
Clear-air data were used to run a specific calibration for each flight. True airspeed, air temperature, corrected air pressure, and attack angle were the independent variables used. The output data provided an idea of the noise and drift of the ice and liquid water content measurements. In case no true airspeed data are available or local aerodynamic effects around the probe location may have induced a different local airspeed at the probe location, the calibration could be set up to estimate the airspeed based on air temperature, pressure, attack angle, and reference sensor power requirement. Tables 1 and 2 show the mean value and standard deviation of the clear-air data used for each flight during the AIRS II campaign. In general, all flights present a zero mean value and standard deviation below 0.02 g m 23 . The 97.5 percentile of clear-air data (the value below which 97.5% of the clear-sky data fell), also shown, provided better estimates of the uncertainty associated with the IWC and LWC measurements. It was below 0.02 g m 23 for most AIRS II flights, and below 0.01 g m 23 in some cases. It is a factor 1.75 smaller than similar measurements of the Nevzorov airborne hot-wire LWC/TWC probe, and at least a factor of 8 less than similar measurements of the King liquid water probe on the Canada Environment Convair 580 aircraft (Korolev and Strapp 2002 ). the collection efficiency of the other probes, defined as the fraction of small spherical particles in air moving at high velocity y that impacts with a cylinder of radius C in their trajectory, is estimated following Langmuir and Blodgett (1946) and Ranz and Wong (1952) . In the case of droplets of 10-mm diameter and 1000 kg m 23 density, about 0.9 of them get captured by the LWC Nevzorov probe and 0.6 by the TWC Nevzorov probe; these two values are the highest and lowest collection efficiencies among the considered probes. The collection of same-sized particles but with densities of 100 kg m 23 is now 0.6 for the small T probe and 0.1 for the large T probe. This fact suggests that the collection capability of the instruments is highly sensitive to the density of the particle, a property that is quite often overlooked. In this manner, a comparison of the measurements of dynamically similar but different dimension probes leads to improved characterization of the particle density.
Probe particle collection efficiency

a. Particle density
Estimation of the probe collection capability requires knowing particle density. Bulk water density (1000 kg m 23 ) is used when considering droplets; meanwhile, the density of ice particles can range from 20 to 920 kg m 23 (Hallett and Garner 2010) . The following sections present three different methods that are used to estimate the density of ice crystals.
1) USE OF DATA FROM SEVERAL PROBES
By the use of a bootstrapping subroutine (Davison and Hinkley 1997) , the density of spherical particles (r s ) of radius a is estimated using the following equation:
where, in addition to variables previously described, N is the particle number concentration. The forward scattering spectrometer probe (FSSP), 2D cloud (2D-C) probe, and 2D precipitation (2D-P) probe provide N and particle diameter for different particle size ranges; meanwhile, T, Nevzorov, and counterflow virtual impactor (CVI) probes provide IWC. All measurements must be corrected depending on individual instrument collection capability. However, Gardiner and Hallett (1985) suggested that the FSSP gives a false response in ice clouds and it should not be used for characterization of small ice particles. Emery et al. (2004) observed the impact of ice particles with the hot-wire sensing element of the Nevzorov TWC/LWC probe, Science Engineering Associates TWC probe, and King LWC probe; in some cases the ice particles shattered into multiple smaller fragments, some of which rebounded off the sensor surface into the airstream and were swept away. Korolev et al. (2011) , Vidaurre and Hallett (2009b) , and references therein provide more details on particle breakup and its effect on aircraft probe measurements.
2) USE OF SURFACE AREA RATE DURING
SUBLIMATION
The second method (Hallett et al. 1998 ) uses images of ice particles sublimating after impact with a surface to provide a local estimation of the ice particle density. The inverse of the rate of change of the surface area of a collapsed particle is related with its density, assuming it is constant over time and not a function of the radius, as follows:
where K is the air thermal conductivity; T E and T s the ambient and particle temperature at the surface, respectively; L sub the water latent heat of sublimation at T s ; and dA/dt the rate at which the surface area of the collapsed particle decreases.
3) USE OF MASS-DIMENSION RELATIONSHIPS
Mass-dimension relationships were derived from particle size distributions measured with the Particle Measuring System FSSP monoprobe (5-56 mm), 2D-C imaging probe (from 33 to above 1000 mm), and 2D-P (200-6000 mm) imaging probe. They were used to compute the total particle volume per unit volume of air, assuming that the particles were spheres. Simultaneous measurements of ice water content were done with a CVI, yielding estimations of the overall effective ice density (Heymsfield et al. 2004) . Because of the considerable amount of natural variability, no single relationship can be applied to all situations.
As mentioned above, the PMS probes and the CVI are subject to particle breakup. The CVI does prevent low-inertia particles (D , 8 mm) from entering the counterflow, while high-inertia particles follow the sample flow to whatever instrumentation is downstream of the CVI (Noone et al. 1988; Twohy et al. 1997; Twohy et al. 2003) . Although fragments generated due to upstream impact are prevented from interfering with the sensing element, large particles may still impact internal surfaces and breakup because of airflow stress. Indeed, breakup of drops D . 5 mm was observed to influence CVI performance on tests at velocities above 153 m s 21 (Schwarzenbock and Heintzenberg 2000) , yielding L . 133 (Vidaurre and Hallett 2009b ). The effect , 700 mb, and 2168C. The collection efficiency of the probe is estimated as the fraction of spherical particles in air moving at high velocity that impacts with a cylinder in their trajectory (Langmuir and Blodgett 1946; Ranz and Wong 1952) . In the case of the conical TWC Nevzorov sensor, the collection efficiency of particles 1000 kg m 23 in density is reported in Korolev et al. (1998) and for low density particles it is estimated from Langmuir and Blodgett (1946).
of particle breakup on the effective ice particle densities derived by this method is still to be determined.
King, Nevzorov, and T probes measurement data
Comparison between probes is a complex problem because probes of different sizes and shapes have different collection efficiencies and discrimination capabilities. For an optimal comparison, probes should be mounted on the aircraft as close as possible to each other so they sample a small region that represents the same air parcel. If they are located in different places around the aircraft fuselage, which is the case during the AIRS II project because of practical limitations and actual needs of each probe, then local airflow may influence probe performance in different ways. , and yet there are significant differences at about 1-s intervals, as shown in the middle and lower panel. The difference between measurements, up to 60.1 g m 23 in some cases, and correlation between probes are plotted. These measurements are highly correlated (r 5 0.97) at 25 Hz. The power spectra show no roll-off and no evidence of a noise floor or drift out to 12.5 Hz. The phase and cospectra plots suggest that these data are coherent to ;5 Hz. In general, the agreement between the two King probes is very good, especially when considering the large time periods in the comparison. When considering short time periods, the large discrepancies between the two King probes might be of importance because they can be attributed to spatial variations of the cloud in high gradient areas, meanwhile small differences in the scatter diagram can probably be attributed to the probe calibrations (power gain of the King probe output or errors in the sample areas) and noise. Figure 8 shows the same selected high-rate measurements from the NCAR C-130 aircraft as depicted in Fig.  7 , where the two King probe measurements are now plotted along with Nevzorov and small and large T probe measurements.
a. Measurements from two standard King probes
2 Each probe has a different shape and/or size; therefore, measurements must be corrected based on collection efficiency and local aerodynamic effects around the fuselage for a proper comparison. These corrections were not applied in Fig. 8 in order to compare the datasets as they are released after quality control.
The top panel in Fig. 8 shows a strong correlation (.0.92) between the small and large T, Nevzorov, and King probes. In general, all of the probes responded at the same time to changes in liquid water content, and differences in measurements were below the uncertainty of the instruments for probes of similar sizes and below a factor of 2 when compared to a large sensor (large T probe) with a small sensor (LWC Nevzorov). Some of this difference is due to the effects of local aerodynamic effects around the aircraft fuselage and actual variations in the cloud LWC, and some of the difference is due to the collection efficiencies. The last part, often ignored, can be easily estimated when information regarding particle density and size is available. Particle collection efficiencies of all of the probes considered in this paper were estimated when analyzing the AIRS II data as the necessary information was available.
The droplet concentration, given in the third panel, was about 400 cm 23 . The FSSP reported primarily small particles of 8-mm diameter (fourth panel). Only in a small region around 1835 UTC larger particles were detected by the 2D-C probe. Ambient temperature (ATX), plotted in the second panel, was 228C, and the total air temperature (TTX), resulting from ram heating, was 158C; hence the Rosemount icing probe (RICE) did not show ice accumulation (right side of top panel; TTX . 08C). probes. The lower plot shows only measurements from the two King probes. In general, inconsistencies in the relative response of the instruments are significant. They can be attributed to differences in probe shape and size, location around the aircraft, and probe response to cloud variations in composition and microphysical conditions. In Fig. 9a all of the probes agreed quite well with differences in the order of 10%-20%. King probe 2 (LWC2_Kin) and Nevzorov measured higher LWC than the other probes during the first part of the segment; meanwhile, the other King probe agreed with the small T probe for most of the interval. The lower plot shows a strong disagreement between the two King probes up to 20% in some cases. This disagreement is even larger in Fig. 9b , where King probe measurements differed by a factor of 2. The responses of the two King probes in Figs. 9a,b are consistent with the observations plotted in Fig. 7 . In Fig. 9a , the small T probe (red) agrees with one of the King probes (solid black), while the Nevzorov probe (green) agrees with the other King probe (dashed black). In Fig. 9b , the agreement between the two King probes and the Nevzorov probe is remarkably good, while the two T probes indicate lower LWC.
In contrast with Figs. 9a,b, Fig. 9c shows remarkably good agreement between the two King probes and Nevzorov probe. The difference between the two King probes can be explained by a baseline offset. The large T probe reported a slightly lower particle number concentration, while the small T probe reported a particle number concentration that was 20% lower. Figure 9d shows similar results, but the agreement between the two King probes was not as good as that in Fig. 9c , which in part can also be explained by a baseline offset. Figures 9e,f show different combinations of the agreement between the probes: Nevzorov and large T probes agreed well and reported the highest LWC; small T and King probe 1 (LWC1_Kin) matched, with a particle concentration that was 20%-30% below the previous two probes. In this case, the King probe 1, which in Figs. 9a,b reported the highest LWC, is now reporting the lowest LWC, perhaps resulting from ice accretion. Baseline drift is occasionally observed when the sensor builds up ice if the existing heaters are overcome by cold temperatures. The plots suggest that agreement between probes is better at warm temperatures than at low temperatures, perhaps because of ice accretion at low temperature.
2) ICE WATER CONTENT MEASUREMENTS
Measuring the water content of ice particles is a more complex problem than measuring LWC because additional variables, such as ice habit, particle density, and impaction efficiency, must be considered. Rogers et al. (2006) suggested that measurement differences arise from the range of particle sizes, the effect of probe location on the aircraft (fuselage, under wing, wingtip, pod), the time response, and the subcloud scale structure. Different probes present different collection efficiencies and capabilities to discriminate between small and large particles and high-and low-density particles because of their different geometry. Figure 10 shows measurements of IWC from the NCAR C-130 during the AIRS II 109rf12 flight on 1 December 2003, where small and large T probe measurements were plotted along with Nevzorov probe measurements. Different levels of agreement and disagreement between the FIG. 9. LWC measurements from large T (blue), small T (red), Nevzorov (green), and two King (solid and dashed black) aircraftmounted probes during AIRS II 109rf01 flight on 5 Nov 2003. Probe collection efficiencies, based on sensor size and shape and particle shape, size, and density, account for part of the differences between measurements.
probes are evident; often they responded at different times and/or indicated different magnitudes, suggesting different cloud properties. In general, the disagreement between large and small T probes and Nevzorov probes was larger when measuring IWC than when measuring LWC. For the same time interval, particles of 20-mm diameter were measured by the FSSP in concentrations ranging from 10 2 to 10 5 L
21
; meanwhile, larger particles (80 mm) were measured by the 2D-C probe in concentrations 2-3 orders of magnitude smaller. Correlation between small and large particles suggests particle breakup occurring at the inlet of the FSSP (Field et al. 2003; Korolev and Isaac 2005; Vidaurre and Hallett 2009b ). Individual measurements of particle density following the approach presented in section 3a(2) ranged from 10 to 794 kg m
23
. Some of those crystals presented two or three layers of different densities. Hallett and Garner (2010) provide more details regarding ice crystals with densities that are dependent upon the radius. Depending on the principle of operation of the probes, IWC measurements may be influenced by the variation of the density along the radius of the particle. The use of empirical relationships relating the density of the particle with its size does not consider density variations along the radius leading to erroneous estimations. In addition, differences between probe measurements can in part be explained by local aerodynamic effects at sampling points around the aircraft (Twohy and Rogers 1993) , and by actual differences in structure at subcloud size scales.
Conclusions
During numerous supercooled liquid cloud penetrations, two identical hot-wire LWC King probes tracked FIG. 10 . IWC measurements from Nevzorov (green), small (red), and large (blue) T probes during flight AIRS II 109rf12 of 1 Dec 2003. Small T probe was mounted on the right wingtip, large T and Nevzorov probes were mounted about 1 m apart on the fuselage, and 0.5 m above the aircraft skin, inside the region where particle sorting occurs (,0.61 m; see Twohy and Rogers 1993) .
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generally well. The average difference between the two probes was below the instrument uncertainty (0.02 g m
23
). However, discrepancies of up to 0.1 g m 23 for 1-s LWC measurements of 0.3 g m 23 were observed. Disagreement between probes of different geometry and/or size was large, especially when detecting IWC. Differences in IWC measurements were attributed to different collection efficiencies of the instruments resulting from preferred particle size, shape, density, and local aerodynamic effects.
Each measurement is unique by nature of the conditions at only one point in time. With the available information from the AIRS II project it is difficult to generalize under what conditions the agreement between probes of different sizes and shapes is good; every case should be studied on a case-by-case basis. Analysis of data gathered with probes located at different places around the aircraft fuselage might provide useful insights about the microphysical structure of the cloud only if local aerodynamic effects and particle collection efficiency of each probe are considered.
The measurement of LWC by constant-temperature probes depends on the shape of the collector sensor, particle size distribution and density, airspeed and air density, location, and orientation of the sensor. Cloud microstructure defines the collection efficiency and thus affects LWC measurements. Because of these reasons, we do not expect probes of different geometries and sizes (or even identical probes) to provide the exact same measurements. Even the same droplet size distribution measured by the same probe at different altitudes and airspeeds may result in apparent different LWC.
The comparison of identical instruments on an aircraft either nearby or at different locations serves little purpose other than to offer a reality check in its broadest meaning to confirm their functionality. They necessarily must be responding to environments that are (or could be) different; it makes no sense to interpret differences in terms of location effects on the aircraft because separating these two effects is not a practical undertaking. A conclusion follows that the analysis of data from a single instrument, being aware of its limitations and capabilities, and subject to uncertainty beyond its threshold level, needs to satisfy an internal self-consistency criterion.
Recommendations
An adequate probe performance evaluation and intercomparison under controlled ice and liquid contents is necessary. This involves combining two identical airstreams with selected water drop spectra at selected temperature and air pressure with the capability of selectively nucleating one airstream and growing ice particles of a specific habit, size, and density. The system could be either horizontal or vertical, and the extent of mixing is controlled through choice of distance laterally and downstream. This study is also required to characterize the effect of particle bounce and breakup and the residual effect of ice particles on LWC measurement resulting from ice deposition at the forward stagnation line of the sensor.
